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ABSTRACT 

We present the results of a photometric and spectroscopic survey of cool M dwarf 
candidates in the young open cluster NGC 2547. Using the 2dF hber spectrograph, we 
have searched for the luminosity at which lithium remains unburned in an attempt to 
constrain the cluster age. The lack of a population of individual lithium-rich objects 
towards the faint end of our sample places a very strong lower limit to the cluster age 
of 35 Myr. However, the detection of lithium in the averaged spectra of our faintest 
targets suggests that the lithium depletion boundary lies at 9.5 < Mj < 10.0 and that 
the cluster age is < 54 Myr. The age of NGC 2547 judged from fitting isochrones to 
low-mass pre- main-sequence stars in colour- magnitude diagrams is 20— 35 Myr using 
the same evolutionary models. The sense and size of the discrepancy in age determined 
by these two techniques is similar to that found in another young cluster, IC 2391, and 
in the low-mass pre main-sequence binary system, GJ871.1AB. We suggest that the 
inclusion of rotation or dynamo-generated magnetic fields in the evolutionary models 
could reconcile the two age determinations, but only at the expense of increasing the 
cluster ages beyond that currently indicated by the lithium depletion. Alternatively, 
some mechanism is required that increases the rate of lithium depletion in young, very 
low-mass fully convective stars. 

Key words: stars: abundances - stars: late-type - stars: interiors - open clusters 
and associations: individual: NGC 2547. 



1 INTRODUCTION 

Lithium can be a very short-lived element in the atmo- 
spheres of low mass pre-main-sequence (PMS) stars, burn- 
ing swiftly in p, a reactions once co re temperatures approach 
3 x 10 6 K lUshomirskv et al.lll99sh . Because PMS stars less 
massive than 0.35 Mq are always fully convective, the sur- 
face abundance of Li is also rapidly depleted when the core 
reaches this Li-burning temperature. The time taken for 
this to happen is sensitively dependent on mass and to a 
lesser extent on adopted equations of state and atmospheric 
boundary conditions. As a result, if one observes a cluster 
of co-eval stars with a range of properties, the mass, and 
hence luminosity and temperature, at which Li is observed 
to be depleted from its initial value offers a potentially pre- 
cise determination of the cluster age. It has been claimed 
that this technique is less subject to systematic uncertainties 
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in stellar models than cluster ages derived from the main- 
sequence turn-off or fitting low-mass, PMS isochrones (e.g. 
iBildsten et"al"lll997l) . 

Several attempts have been made to define the lithium 
depletion boundary (herea fter LDB) in the Pleiades, the 
a Per cluster and IC2391. IStauffer. Schultz fc Kirkpatrickl 
(|l99Sf) derive an LDB age of 125 ± 8 Myr for the Pleiades, 
considerabl y older than the n uclear turn-off age of 78 Myr 
derived bv iMermilliodl (Il98lf) using models with no con- 
vective c ore overshoot, but young er than the 150 Myr ob- 
tained by Mazzei fc Pieattd (1988) using models with very 
strong overshoot. Similarly, the LD B ages of 90± 10 My r and 
53 ± 5 Myr derive d for the a Per JStauffer et alJll99Sft and 
IC 23 91 clusters fearrado v Navascues. Stauffer fc Pattenl 
1999) are older than their zero-overshoot nuclear turn-off 
ages of 51 Myr and 36 Myr respectively. The LDB ages of- 
fer a powerful argument for a modest amount of convective 
core overshoot and agree r easonably well with n uclear turn- 
off ages from such models tventura et aljll99ctl . Measuring 
the LDB in clusters of different ages and different turn-off 
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masses might reveal whether the amount of convective over- 
shoot is mass-dependent. 

Finding clusters which are amenable to such analysis is 
not easy. The LDB position is difficult to measure because 
of the intrinsic faintness of the relevant PMS stars. Neither 
is the technique sensitive to ages less than lOMyr or older 
than about 300 Myr. In the former case, lithium remains un- 
burned in stars of all masses, whereas in the latter the gra- 
dient of the relationship between the luminosity at the LDB 
and age becomes quite shallow. NGC 2547 is a rich, young 
(14—55 Myr) and nearby (400—450 pc) open cluster, that of- 
fers excellent opportunities for exploring the early evolution 
of angular momentum, magnetic activity and lithium de- 
pletion among low-mass stars (e.g. Ijeffries. Totten fc Jamesl 
2000a). In this paper we describe an attempt to find the LDB 
in NGC 2547. In Sect. 2 we describe previous observations 
and age determinations for this cluster. In Sect. 3 we de- 
scribe a new RI C Z photometric survey and subsequent spec- 
troscopic observations (using the 2dF fibre spectrograph) to 
identify low-mass members of the cluster. In Sect. 4 we anal- 
yse the spectra of the cluster candidates and attempt to de- 
tect the Li I 6708A resonance feature. In Sect. 5 we describe 
the location of the LDB and the isochronal and LDB ages 
of the cluster. Our results are discussed in Sect. 6. 



2 NGC 2547: PREVIOUS OBSERVATIONS 
AND AGE DETERMINATIONS 

NGC 2547 (=C0809-491) is an interesting young cluster 
and the question of its age has been scrutinized from two 
traditional view points: m ain-sequence t urn-off and low- 
mass star isochrone fitting. IClarial <ll982T) investigated the 
high mass population, finding a reddening of E(B — V) = 
0.06, an intrinsic dista nce modulus of 8 .25 ± 0.22 and 
an age of 57 ± 27 Myr. Ijeffries fe Tollevl lll998ft estimate 
an age of 55 ± 25 Myr and an intrinsic distance mod- 
ulus of 8.1 ± 0.1 based on is o chron es and models from 
iMevnet. Mermilliod fc Maederl dl993tl and ISchaller et"aD 
Jl992l) . These models feature a modest amount of convec- 
tive overshoot (the same sets of isochrones yield ages of 
52 Myr and 100 Myr for the a Per and Pleiades clusters re- 
spectively). The major sources of uncertainty here are sim- 
ply the very small number of stars that define the turn-off, 
together with their photometric errors and uncertain binary 
stat us. 

Ijeffries fc Tollevl (ll998T> reported ROSAT X-ray ob- 
servations and a BVI C survey of the cluster, identifying 
a large population of X-ray active, low-mass PMS stars. 
Fits to low-mass isochrones , derived from the models of 
iD'Antona fc Mazzitehil Jl997l) . indicated an ag e of 14±4 Myr 
with a very small spread (< ±5 Myr). Recentlv. lNavlor et alJ 
( 2002) have re-analysed the BVI C survey of the cluster and 
obtained a better age estimate of 20—35 Myr and an intrin- 
sic distance modulus of 8.00— 8.15, using new empirically 
calibr ated, low mass isochrones from lDArit ona fc Mazzitelli 
Jl99 7|) andlSiess. Dufour fc Forestinil J200ff) .~ 

Jeffri es et alJ J2003D present results of an investigation 
of Li depletion among the K and early M stars of NGC 2547. 
The targets in that paper were selected from the X-ray ob- 
servations and BVI C photometry summarised in the pre- 
vious paragraph and observed with the 2dF spectrograph 



(a year before the observations described in this paper). 
T hey found that for s ome models of PMS e volution (those 
of iBaraffe et~al"lll99Sl and ISiess etHI 1200(f) . both the po- 
sitions in the V/(V — I c ) colour-magnitude diagrams and 
the degree of PMS Li depletion for the majority of 0.5- 
0.9 Mq stars could be simultaneously satisfied at an age of 
~ 35 Myr. However, these observations did not look at stars 
faint enough to put a stron g constraint on the age from the 
LDB. From the same data, [Jeffries et alJ fcOOObh reported 
no evidence of the Li I feature in stars as faint as I c — 16 
and hence estimated an age > 23 Myr - quite consistent with 
the Li depletion seen in higher mass stars and the nuclear 
turn-off age. 



3 OBSERVATIONS AND DATA REDUCTION 

3.1 RI C Z photometric survey 

New photometric data for NGC 2547 were obtained with the 
0.91-m telescope at the Cerro Tololo Interamerican Obser- 
vatory (CTIO), from 4th to 9th February 1999. The dataset 
consists of 23 overlapping 13.5' x 13.5' fields in R, I c and Z. 
The survey covers an area of approximately a square degree. 
Individual frames were de-biased, flat-fielded with twilight 
sky flats and in the case of the Z frames, de-fringed using 
a median stack of all the night-time Z exposures. The anal- 
ysis of these images was achieved usin g the pr o cedur es and 
algorithms described in detail bv lNavlor et alJ (l2002f) . Pho- 
tometric calibration onto the Cousins RI C system was done 
with ref e rence to 26 measurements of standard stars from 
lLandold Jl992). Only two stars with (R - I c ) > 1.5 mag 
were included and so although the global fit to the stan- 
dards had an rms discrepancy of 0.04 mag in I c and 0.03 mag 
in (R — J c ), we believe there may be systematic errors in 
the colours and magnitudes for (R — I c ) > 1.5 mag of up 
to 0.1 mag (for the redder objects we found a systematic 
effect in I c -band magnitude of 0.07 mag when comparin g 
our catalog with the one presented in lNavlor et alJ J2002)). 
(J c — Z) colours were calibrate d usin g standard stars de- 
fined by IZapatero Osorio et all (I1999T) in Landolt's SA98 
field. The calibrations were taken from the best photometric 
night. Frames taken on other nights were tied to this cali- 
bration via the sub stantial (2.5') overlaps between fields (see 
iNavlor et ail 12002ft . Our survey reached (S/N~ 10) depths 
of R ~ 21.5, I c — 20 and Z ~ 20. The astro metry has bee n 
calibrated against the USNO A2 catalogue iMonetl fl998'). 
and yields typical positional accuracies of 0.25"rms. 

Fig. Q shows the I C /{R — Ic) and I C /(I C — Z) colour- 
magnitude diagrams of the 0.6° x 0.6° central area of our 
survey. The pre-main-sequence can clearly be seen separated 
from the back- and foreground populations. The symbols 
represent objects with 2dF spectra: either from the sample 
discussed here (circles) or from the e arlier observat i ons of 
X-ray selected brighter members from Ijeffries et al.1 | (l200l 
diamonds) . 

3.2 2dF spectroscopic survey 

The primary goal of these observations was to determine the 
position of the LDB by inferring Li abundances from the 
Li I 6708 A resonance doublet. Observations of cool young 
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Figure 1. I C /{R — I c ) and I c /(Ic — Z) color-magnitude diagrams for the central NGC 2547 fields. The pre-main-sequence can clearly 
be seen separated from the bulk of the objects. The parallelograms in both diagrams indicate the selection domain for the follow-up 
spectroscop y discussed here. Th e circles are the objects described in this paper and diamonds are the brighter, X-ray selected sample 
discussed in Jeffr ies et alj J2003). 



PMS stars suggest that undepleted Li will produce a sat- 
urated equivalent width (EW ) of ~ 0.6 A for this feature 
iZapatero Osorio et al.ll2002h . Theoretical curves of growth 
tally with these observations and predict that a star depleted 
by a factor of 100 from its initial Li abundan ce will still 
have an Li I 6708 A EW of ~0.3A JZapatero Osorio et ail 
2002) but that t he line disappears rapidly for even lower 
abundances (e.g. iPavlenko fc Magazzulll995|). According to 
evolutionary model predi ctions (e.g. lD'Antona~fc Mazzitelli 
Il997l: iBarafTe et alj|l99l) the Li abundance should change 
from undepleted to depleted by more than a factor of 100 
over a ~ 0.2 mag increase in luminosity. Thus measurements 
with an EW accuracy of -~0.1-0.2A should be capable of 
identifying the LDB. 

Candidate cluster members were selected as spectro- 
scopic targets based on their positions in both the I C /(R — I C ) 
and I c / (I c — Z) colour-magnitude diagrams. We were guided 
by the predictions of empirically calibrated models and the 
positions of previously identified members of both NGC 2547 
and IC 2391 (a cluster of comparable age) in these colour- 
magnitude diagrams (see Sect. l5.4.2*t . The 109 spectroscopic 
targets have magnitudes of 15.6 < 7 C < 18.3 and are within 
a 0.8° x 0.8° field. Tables[U&[3 list the coordinates, I c mag- 
nitudes, (R — I c ) and (7 C — Z) colours for the objects ob- 
served, as well as a membership flag and measurements of 
the lithium feature (Sect.[IJ. To make it easier for the reader, 
we have separated the description of the sample into: Tabled 



for those objects that are suspected to be Li rich, and Tabled] 
for objects with no detected lithium (Sect. l4~oTl . The spectro- 
scopic sample contains about 50 per cent of "eligible" targets 
(those with the right colours and magnitudes) on average, 
varying from 40 per cent at the brighter magnitudes to 65 
per cent for I c > 17 mag. However this must be a lower limit 
to the percentage of cluster members observed because both 
the cluster members and the spa tial distribution of our tar- 
gets are centrally concentrat ed. iLittlefair et alJ i200St) use 
the membership catalogue of iNavlor et al .1 J2002I) to deduce 
that the half-mass radius for low-mass stars in NGC 2547 
is about 0.2°. In other words, given that we expect some 
contamination by non- members (see Sect. 1^21 . we expect 
more contamination in the outer parts of our survey. The 
dense coverage and relatively uniform spread in target mag- 
nitudes of our sample should ensure that the LDB, if within 
this magnitude range, can be located accurately. 

Spectra were obtained on the nights of 28th and 29th 
of Februar y 2000 with the fi ber-feed multi-object spectro- 
graph 2dF llLewis et all2002T) at the prime focus of the 3.9 m 
Anglo- Australian Telescope ( AAT) . Each 2dF field plate has 
400 object fibers which are 140 )im in diameter, correspond- 
ing to about 2" on the sky. This implies that target positions 
have to be accurate to better than about 0.5" to avoid signif- 
icant light loss. To achieve adequate astrometric accuracy, 
the target positions were cros s-correlated with the Super- 
COSMOS Sky Survey catalog drlamblv et al.ll2001allbh . The 
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2dF configuration program CONFIGURE was then used to al- 
locate as many objects as possible to fibers in the 2dF field, 
subject to constraints on fiber proximity. About 15 fibers in 
each field are assigned to sky positions to allow accurate sky 
subtraction. The final fiber positioning and observational 
procedures are mostly automated 1 . There are two identical 
spectrographs and CCD detectors, each receiving 200 fibers. 
Therefore each science exposure actually comprises two in- 
dividual CCD images, that are reduced independently. The 
1200R grating was used (in both spectrographs) to give a 
~ 2.2 A resolution over a range of 1100 A centered at 6700 A. 

From the experience of a previous 2dF service run 
J Jeffries et all2000bll20ol) . the desired equivalent width ac- 
curacy can be achieved with spectra of signal-to-noise ~ 15 
per 1.1 A pixel. Individual exposures times (per configura- 
tion) range from 2700 to 3600 sec. For most targets multiple 
exposures were obtained, to achieve a higher signal-to-noise, 
with total exposure times per target ranging from 1.3 h to 
7.8 h. 

Data reduction was performed using the 2dF Data Re- 
duction system (2dfdr version 2.0 for linux), mostly fol- 
lowing the advised reduction steps. We did not perform 
scattered light subtraction or flatfield the spectra, since 
these procedures were introducing spurious artifacts. Rela- 
tive fiber transmissions were obtained from offset sky frames 
and an average sky spectrum was obtained from sky fibers in 
the stellar frames. Multiple exposures of each field configu- 
ration were combined within 2dfdr. Once the reduction pro- 
cedure was concluded, the resulting combined frames were 
analysed using the IDL 2 software. 



4 SPECTRAL ANALYSIS 

4.1 Optimal variance determination and 
combination of stellar spectra 

Most objects were observed several times during the run 
with different fiber configurations. In order to better com- 
bine these spectra, an accurate determination of the true 
variance of each spectra is needed. The major difficulty is 
separating the intrinsic noise in the spectrum from the rich 
background of spectral features and molecular bands that 
permeates this spectral region for late spectral types. 

Using the difference of pairs of spectra of the same star, 
we are able to reasonably remove the "feature noise" compo- 
nent and are left only with the true variance. As expected, 
the variance of the spectra of the brighter targets follows 
a linear relation with number of counts and the inverse of 
the slope measures the effective gain of the CCD camera. 
The scatter reflects different observing conditions and fiber 
throughput corrections. Using this linear relation, we can 
estimate the true variance for each spectrum and thus the 
true signal-to-noise ratio. Multiple spectra of the same ob- 
ject were averaged, weighted by the calculated variance. 

This procedure works less well towards the faintest ob- 
jects. Sky subtraction accuracy in the continuum count level 
is of the order of 6—10% of the original sky level. For the 
fainter objects, the sky signal down a fiber is larger than 
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the stellar flux level; so the final stellar flux (in counts) can 
be rather uncertain. This is taken into account when com- 
puting the errors in measured equivalent widths of spectral 
lines (Sect JO. 



4.2 Spectral indices 

Our 109 spectra of candidate NGC 2547 members were anal- 
ysed firstly by looking at two spectral indices and comparing 
those with spectral standards. These spectral indices mea- 
sure the streng th of the TiO and CaH molecul ar bands and 
are defined as „Allenlll996l : iBriceno et allll998l) 



TiO(7140A) 



CaH (6975 A) = 



C(7020 - 7050A) 
TiO(7125 - 7155A) ' 

C(7020 - 7050A) 
CaH (6960 - 6990A) ' 



where C (7020— 7050 A) represents the pseudo-continuum 
and TiO (7125-7155 A) and CaH (6960-6990 A) molecular 
absorption bands, integrated in the indicated wavelength in- 
tervals. 

In Fig. |21 (a and b) we plot each of these spectral indices 
again st (R — J c ) color f or our sample and for the sample 
from ljeffries et all (|^003) . Throughout this paper we assume 
E( R — J c )=0.04, consistent with low reddening determined 



bv lClarial .19821) . We use these diagrams to further refine 
the sample by checking if the targets have spectral indices 
consistent with what is expected for M dwarfs; we choose 
to exclude targets that have the CaH (6975 A) index too 
low for their (R — 7 C ) co lour (indicative of a lower gravity 
e.g. lAllen fc St,romlfl995h and some targets that have a de- 
viant TiO (7140 A) index. Given the sky subtraction errors 
in the faintest targets, these spectral indices are uncertain by 
0.05-0.1 (for CaH) and 0.1-0.2 (for TiO). The adopted se- 
lection cuts are therefore quite severe and it is probable that 
a handful of genuine members (those with poor sky subtrac- 
tion) have been excluded. For the purpose of this paper it 
is better to be incomplete than include many contaminating 
non- members (see Sect. 5.2). 

From the original sample of 109 objects with / ^ 
15.6 mag we are left with 94 objects with colours and in- 
dices consistent with late spectral types and cluster mem- 
bership. Using the TiO (7140 A) index we estimate these ob- 
jects to have spectral types mostly between M3 and M5 
(with a few M2 and M6 objects). The objects rejected as 
non-members based on their indices are described with the 
flag NM (non-member) in Tables0&[3] otherwise they are 
flagged M (members). We plot in Fig.0(c) the CaH (6975 A) 
index against the TiO (7140 A) index for our sample, to- 
gether with several standard stars and a locus (from Allen & 
Strom 1995), indicating where low gravity giants would lie. 
Our cluster candidates have dwarf-like gravities, although 
there is a hint that the gravities are lower on average than 
in the field stars. This is what we would expect from a popu- 
lation of M dwarfs in a cluster of age ~ 30 Myr. The models 
of Chabrier & Baraffe (1997) indicate that M-dwarfs of 0.1 
to O.5M0 and age 30 Myr, have surface gravities that are 
between 0.5 and 0.3 dex lower than stars of similar spectral 
type at ~ 5 Gyr, but which are still several dex higher than 
M giant gravities. 
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Figure 2. (a) CaH (6975 A) and (b) TiO (7140 A) spectra l indices against [R — 7 C ) colour for the sample discussed in the present paper 
(circles) and for cluster members from lJeffries et all i20o3l (diamonds). The spectral indice s check the consistency of the photo metry and 
observed spectra. We indicate in the left-most plot approximate colours for disk M-dwarfs jLeggett 1992; lLeggett et alj|l996l) . assuming 
E(R — I c )=0. 04. We retain in our sample only objects that seem to be bona fide late-type dwarfs and cluster members (obj ects above the 
two dashed lines), (c) For these objects we plot the CaH against TiO indices toge ther with spectral stan dards (full triangles. lMontes et alj 
ll997tlBarrado v Navascues et al.lll99fll) . The solid line is a locus for giants from I Allen fc Stroml JlH 



In principle, the Ha line could also be used as a mem- 
bership criterion. Young, magnetically active M2— M6 PMS 
stars should exhibit strong chromospheric Ha emission, with 
an EW of 1—30 A. Unfortunately, the strength of Ha in the 
sky spectra (arising both from the night sky and an H II 
region apparently centred on NGC 2547) and the uncertain- 
ties in the relative fiber throughput calibration, mean we are 
unable to provide a useful estimate of the Ha EW for our 
targets. 



4.3 The Li I feature detections 

Our main goal is to determine the position of the lithium 
depletion boundary for NGC 2547. To that end we have anal- 
ysed the spectra of the 94 remaining cluster candidates cov- 
ering the range 15.6— 18. 3 mag in I c . 

In Fig.[3]we plot the Li I profiles we found in our target 
sample. The plots on the left are (we claim) positive de- 
tections of the lithium feature, while on the right are more 
marginal detections (all shown as thick- lines) ; we have over- 
plotted (with light-lines) example spectra of objects with 
similar I c magnitudes that appear not to show the Li fea- 
ture. 

For the 8 objects in Fig.^lwe give their Li equivalent 
width 3 (EW) and errors (Table[TJ. The Li feature was inte- 
grated over a fixed 5 pixel interval, corresponding to a width 
of 5.5A. The EW error has two components that are added 
in quadrature. The error due to pixel-to-pixel uncertainties 



on the flux values within the integration interval can be de- 
scribed as <5EW= (y / rp)/SNR, where r and p are the width 
of the feature and the pixel width respectively, and SNR is 
the signal-to-noise ratio per pixel (as derived in Sect. l4.lfl . 
The other error contribution comes from the uncertainties 
in the continuum flux level (Sect. l4~H from the estimated 
sky subtraction error. The latter error is usually negligible, 
except in the faintest objects. When no feature is detected, 
the detection threshold is given by a total 2-a upper limit 
in TableEl 



5 HOW OLD IS NGC 2547 ? 

An LDB location within the magnitude range we have anal- 
ysed corresponds to an age range of ~ 20—50 Myr. We have 
detected lithium in a few cluster members but have we de- 
tected the LDB? The lithium abundance drops from unde- 
pleted to 99 per cent depleted in just over 0.2 mag, therefore 
we expect to find objects with either entirely depleted or un- 
depleted Li abundances, with no (or very few) transition ob- 
jects. Initially it would seem that we have not found a clear 
boundary in our dataset and so have not found the LDB in 
NGC 2547. There are several possibilities to explain this: i) 

3 In reality we are measuring a pseudo eq uivalent width with re- 
spect to the local pseudo-continuum (e.g. IZapatero Osorio et alj 
l2002ft 
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Figure 3. Identifications of 6708 A Li I profile in the sample of NGC 2547 cluster members. All the profiles were normalised to the count 
level in the same wavelength interval in the neighbourhood of the lithium feature. We have indicated on the top-right corner of each 
graph the I c -band magnitude of the object. The vertical dashed line indicates the expected position of the Li feature for cluster members, 
with an assumed cluster radial velocity of ~ 13kms~ - 1 I Jeffries et aill2000^ . The two strong features at ~ 6717 and 6730 A (indicated 
by ©) are likely interstellar [Sll] lines. The four (thick-line) spectral profiles on the left are positive lithium detections, while for the four 
(thick-line) profiles on the right are more marginal; the light-line profiles are examples of objects that do not show the lithium feature, 
selected to have I c -band magnitude similar to that indicated on the top-right corner of each graph. 



Table 1. Objects with positive or marginal Li identifications. Column 1 is a list number for purposes of 
easy cross-identification. Columns 2— 9 are objects position and photometry. Column 10 is a membership 
flag (NM for non-members and M probable members) and column 11 the EW with its uncertainty. 
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the data were not of sufficient quality to detect the LDB; 
ii) we did not observe any cluster members; in) the cluster 
is older than 50Myr and our sample is not deep enough to 
detect the LDB. In this section we discuss the limits of our 
spectroscopic sample, try to constrain the cluster (LDB and 
low-mass isochronal) age and compare with IC 2391, a clus- 
ter previously thought to be ~ 5 Myr older than NGC 2547 
J Jeffries fc Tollevlll99gft . 



5.1 How faint can we detect the Li feature? 

The total EW errors are plotted versus I c in Fig.|3] The 
scatter in the relationship is largely due to variations in 
fiber transmission efficiency. If we exp ect Li-undepleted stars 
to ha ve EWs of around 0.6 A (e.g. IZapatero Osorio et alJ 
2002), then we judge that we are capable of detecting (at 3- 
sigma confidence) individual Li-rich objects to / c ~ 17.5 mag 
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Figure 4. Total EW errors versus I c for the cluster candidates 
in the sample. 



for the majority of targets and a population of Li-rich ob- 
jects (at a lower individual significance of say 2-sigma) to 
J c ~ 17.8 mag. Thus, providing our sample is not very heav- 
ily contaminated by cluster non-members down to these 
magnitudes we should have been capable of detecting the 
LDB. 



5.2 Have we observed cluster members? 

A first point to make is that it is extremely unlikely that we 
have "missed" the NGC 2547 PMS. A glance at Fig.|7|shows 
that even though we assumed an age of ~20— 50 Myr in mak- 
ing our candidate selection on the CMDs, the isochrones are 
so closely packed together compared with the width of the 
selection area that no plausible error in our assumed age 
would allow the PMS to fall outside this area. 

Another important consideration is at what level is our 
sample contaminated by cluster non-members? By using two 
colour-magnitude diagrams to select pre-main-sequence ob- 
jects and by further refining that sample by analysing their 
spectral indices, we have removed background giants and 
other anomalously reddened objects. However our final sam- 
ple can still contain field M dwarfs that are basically indistin- 
guishable from cluster members on the basis of their colours 
and spectral indices. As we expect almost all of these to have 
completely depleted their lithium, it is relevant to estimate 
the contaminant numbers. 

As the field-of-view towards the cluster is largely un- 
obscured we ignore the e f fects of reddening. We adopt the 
model of lOrtiz fc Lepinel (ll99ot) that describes star counts 
at red and infrared wavelengths in the solar neighbourhood. 
For late spectral types, the dominant component is the 
so-called "thick disk" component characterised by a scale 
height of 390 pc (i.e. the old disk population). Taking into 
account the galactic latitude of NGC 2547 (|6| ~ 9° ) we can 
estima te th e stellar density for e ach spectral type. iLeggetd 
l|l992jl and iLeeeett etal] il996fl list typical (R - I c ) and 
Mi c for each spectral type. From the I C /(R ~ Ic) colour- 
magnitude diagram we estimate the distance range over 
which a M-dwarf with a given (R — I c ) (spectral type) would 
appear to populate the parallelogram in Fig.0 Then, given 
the effective angular extent for our spectroscopic survey (re- 
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Figure 5. I C /(R — I c ) colour-magnitude diagram of the spectro- 
scopically observed cluster candidates. Symbols are as in Fig.Hl 
filled symbols are objects with detected lithium and grey symbols 
are objects with marginal detections (see Sect . 14.31 . We adopt a 
distance modulus and reddening respectively (m— M)o = 8.15 and 
E(R — I) = 0.04. The dashed lines a re isochrones of 99 per cen t 
lithium depletion using the models of lChabrier fc Baraffel il997t) . 



call that we only observed between 40 and 65 per cent of "el- 
igible" targets - Sect. 3.2) and assuming the spectroscopic 
targets are spread evenly over this area (see below) , this de- 
fines a contaminating volume that together with the stellar 
density allows us to compute the number of contaminants. 

We estimate the level of contamination to be 20, 30 
and 10 per cent respectively for spectral types M3, M4 and 
M5 (the largest contaminating volume occurs for spectral 
type M4) . Our targets show some concentration towards the 
cluster centre, as expected given the small 0.2° half-mass 
cluster radius. In addition, Fig. shows that our targets 
are concentrated towards the centres of the parallelogram 
selection domains, whereas foreground contaminants would 
tend to be concentrated towards the fainter edge at a given 
colour. Given this, it is likely that these contamination num- 
bers (calculated assuming a uniform target distribution) are 
overestimates. However, to be absolutely conservative, we 
assume a uniform contamination of 30 per cent across the 
sample spectral type range. Thus the majority of the spec- 
troscopically selected cluster candidates should indeed be 
cluster members and contamination by field M dwarfs should 
not greatly impair our ability to detect the LDB. 
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5.3 The location of the LDB 

Fig^shows the I c / (R—I c ) colour-magnitude diagram of the 
cluster candidates. The filled symbols represent lithium-rich 
objects and grey symbols are the more marginal detections. 
The dashed lines ar e isochrones of 99 per cent lithium de- 
pletion, based on the lChabrier fc Baraffel l)l997ll models and 
described in the next section. We have adopted a conserva- 
tive distance mo dulus of (m — M) = 8.15 and reddening 
E(R -I) = 0.04 l)Navlor et al]l2002lb We divide the discus- 
sion of lithium detection and the location of the LDB into 
7 c -magnitude bands: I c < 17.2 mag; 17.2 < I c < 17.8 mag and 
17.8 <Jc< 18.3 mag. 

There are two objects at I c ~ 16.5 with detected 
lithium (Fig. |3l . We have plenty of good quality spectra 
for fainter objects and with only an estimated 30 per 
cent contamination, we can safely say that the LDB is 
not at I c < 17.2 mag. What are these lithium-rich ob- 
jects? A few such objects, brighter than the LDB and 
lithium-rich, have also been found in com parable sam- 
ples in the Pleiades llQpp enheimer et alJ ll997l) and IC 2391 
ilBarrado v Navascues fc St^ulfari2003T\ It has been sug- 
gested that such objects might belong to a later burst of 
star formation or might not have formed in these clusters, 
but no convincing explanation is available. Both objects in 
NGC 2547 could be binary systems, based on their position 
in the colour-magnitude diagram, but could also be isolated 
very young (< lOMyr) stars unassociated with NGC 2547. 

At I c ~ 17.2 mag there is a lithium-rich object and a few 
tentative detections. Again, based on the fact that there are 
good quality spectra to magnitudes as faint as 17.8 mag and 
that none of those objects shows a convincing lithium de- 
tection, we are inclined to believe that we are not seeing the 
LDB at I c ~ 17.2 mag. Taking into account that if present 
the lithium feature should be strong (EW~ 0.6 A), then the 
tentative detections are not at all convincing. The definite 
lithium-rich object could be a binary system, in which case 
the true LDB could be up to 0.75 mag fainter, although its 
position in the colour-magnitude diagram suggests 0.3-0.5 
mag fainter might be more plausible. Taking into account 
the sensitivity of our spectra we thus believe the LDB for 
NGC 2547 is not at I c < 17.8 mag. 

Most of the spectra of objects with I c >17.8mag are 
of rather poor quality, with the exception of the Li-rich ob- 
ject with I c = 18.07 mag in Fig.[3] Thus individually these 
noisy spectra do not allow us to locate the LDB. But, given 
our relatively low estimate of the contamination by non- 
members, combining these low signal-to-noise spectra seems 
a reasonable step to take. 

In Fig.|S|we have plotted the weighted average spectra of 
the objects in the magnitude bins 17.3 ^ J c < 17.8 mag (top 
graph) and I c ^ 17.8 mag (bottom graph). We have excluded 
the two objects with probable or possible lithium detections 
from these averages. In the brighter average spectrum the 
lithium feature is definitely not present (EW< 0.12 A at 
2-sigma confidence). The average spectrum of the fainter 
objects (bottom graph) does show a lithium feature with 
EW= 0.4 ± 0.1 A - precisely what we would expect if the 
fainter sample consists of two thirds of stars with an unde- 
pleted Li EW of about 0.6 A and one third of stars (contam- 
inants) with no Li feature at all. This points to the LDB 
being located somewhere between 17.8 ^ J c < 18.3. 
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Figure 6. Average lithium spectra: on top for objects with 
17.3 ^ic < 17.8 mag and at the bottom with 7 C ^ 17.8 mag. For 
these weighted averages we have excluded spectra with lithium 
detections. The first (top) magnitude bin contains 10 objects (~ 3 
possible contaminants) and the second (bottom) 9 objects (also 
~3 possible contaminants). 



As the SNR of the spectra is not high, we made a sep- 
arate test of our uncertainty estimates and ability to detect 
Li features; we examined all 94 candidate member spectra 
in a wavelength region (6740-6780 A) where no atomic lines 
are identifiable and where the molecular bands have similar 
shape and strength as in the vicinity of the Li I 6708 A fea- 
ture. On average we found 1 detected "line" per 4 A interval 
(the interval over which we would allow a possible feature to 
be identified with Li at 6708 A) at the the 2 to 3-a level with 
EWs of 0.3—0.4 A, which is just what one would expect from 
94 trials. Comparing these statistics with Tabled it seems 
likely that all of the positive detections are real, but one or 
two of the more marginal detections could be spurious. The 
numbers of spurious features detected in our test, together 
with their measured EWs and uncertainties, lends support 
to our estimates of the significance and strength of the Li 
features in our targets. 
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5.4 The age of NGC 2547 

5.4.1 The LDB age of NGC 2547 

We assume here that the LDB corresponds to the bright- 
est star whose lithium abundance has been 99 per cent de- 
pleted from its original value. The (absolute) I c -band mag- 
nitude of the LDB can be converted to a cluster age with 
the help of evolutionary models. One can use theoretical 
evolutionary models that incorporate model atmospheres as 
appropriate boundary conditions and also predict the mag- 
nitudes and colours for low-mass objects. These directly 
yield the I c -band magnitude of the LD B at a given age (e.g. 
IBaraffe et alll998l : lstauffer et al.ll99Sft . However, this is the 
only set of models that produces such self-consistent magni - 
tud es and colours . Alter natively, Ijeffries fc Navlo'rl i2001bT) 
and lStauffer et all ^J99}) use the observed 7 c -magnitude and 
(R — 7 C ) colour of the LDB together w ith an empirical bolo- 
metric correction-colour relation from iLeggett et all dl996f) 
to compute the bolometric luminosity of the LDB. This ap- 
proach does not use effective temperature-colour relation- 
ships or bolometric corrections provided by models. Using 
any evolutionary model, the LDB luminosity is then con- 
verted to an age. This method allows us to perform the 
same analysis using several different evolutionary models 
and quantitatively compare the results (see Tabled . How- 
ever, for the record, we find that for NGC 2547, the ages 
determined by either method are perfectly consistent. The 
LDB isochrones (dotted lines) in Figs.0 and [7] were com- 
puted following the latter procedure , using the evolutionary 
models of lChabrier fc Bar affe (1997). 

We have calculated the LDB age assuming that the 
boundary lies between 17.8 ^ J c < 18.3 with a correspond- 
ing colour of 1.8 < R - I c < 1.9. We adopt E(R - J c ) = 
0.04 and an intrinsic distance modulus of 8.15. The lu- 
minosity at the LDB was the n used to estimate t h e clus - 
ter age using the models o f IChabrier fc Bar affd il997t) . 
iD'Antona fc Mazzitellil dl997ft and lSiess et alJ J2001 using 
both Z =0.02 and Z =0.01 models). The results are presented 
in Tableland are very similar for the differing models. To 
estimate the uncertainties we assume that the location of 
the LDB is in error (due to systematic uncertainties in the 
photometric calibration) by ±0.1 in colour and magnitude. 
The effects of uncertainties in the reddening and bolometric 
correct ion- colour relatio n will be minor in comparison (see 
I Jeffries fc Navloill200lfl . There is a further uncertainty as- 
sociated with the adopted distance. We have used the lar gest 
probable distance modulus found bv lNavlor et al.l i2002f) . In 
fact the distance modulus could be as low as 8.0, or perhaps 
even a little lower if NGC 2547 has a significantly sub-solar 
metallicity. Using a distance modulus of 8.0 would add about 
3 Myr to all the ages in Tableg] Thus the LDB age for NGC 
2547 is at least 35 Myr (D'Antona & Mazzitelli models) but 
probably less than 54 Myr (Siess et al. Z — 0.01 model, dis- 
tance modulus of 8.0). 

5.4-2 The isochronal age of NGC 2547 and comparison 
with 1 C 2391 

In the Mi c /(R — J c )o and Mv/(V — I)o colour-magnitude 
diagrams in Fig.|7] we compare the NGC 2547 sam- 
ple (fille d circles) with members of IC 2391 (empty cir- 
cles, from lBarrado v Navascues et al l200ll;ISimon fc Patter] 



119981: IPatten fc Simonlll996ft . thought to be ~ 5 Myr older 
than NGC 2547 (we assume (m - M) = 5.95 and E(B - 
V) = 0.06 for IC2391). 

We try to determine the ages of these clusters 
by using lo w -mass PMS isochrones. For NGC 2547 
Navlor et alJ (I2002F) used the evolutionary mod els of 
D'Antona fc Mazzitellil jl997t) and lSiess et all (l200d. - the 
Z = 0.02 models). They found an age of 25 ±5 Myr and 
intrinsic distance modulus of 8.00—8.15 from the D'Antona 
& Mazzitelli models and corresponding values of 30 ± 5 Myr 
for the Siess et al. models. We have r epeated the analysis 
in N aylor et al. using the models of IBaraffe et al] (Il998l . 
2002) which feature a convective mixing length of 1.9 times 
the pressure scale height. The optical colours predicted by 
these models are known to be inaccurate (see IBaraffe et all 
1998), so we adopt a empirical calibration procedure (de - 
scribed in detail by Ijeffries et aT]l2001al : iNavlor et aljl2002l) 
to convert from bolometric luminosities and effective tem- 
peratures to magnitudes and colours. Briefly, we assume that 
the Pleiades ha s an intrinsic distan ce modulus of 5.6 and 
age of 120 Myr JStauffer et alJll998T) . Pleiades photometry 
is then used along with a bolometric correction-colour re- 
lation to define a colour-effective temperature relation that 
can then be used to produce an isochrone at any age where 
the same colour-effective temperature relation is assumed to 
apply. 

The solid lines in Fig.Qshow the results of this proce- 
dure. As we believe that photometric calibrations might be 
significantly affected by systematic errors (Section l3.1H for 
stars with (R— I c ) > 1.5 mag (i.e. most of the faint sample), 
we attach most weight to the brighter stars (M/ c < 7.5 mag) 
and the VI C magnitudes to estimate the absolute cluster 
age. For an intrinsic distance modulus of 8.15, an age of 
25 ± 5 Myr is indicated for NGC 2547. IC 2391 appears to be 
a little older in both diagrams, perhaps by 5— 10 Myr, but 
after taking into account the likely distance uncertainties 
this difference is not very significant. 

The reader might question the empirical calibration 
based upon Pleiades photometry, because we are forced to 
assume a distance and age for the Pleiades. In fact, our re- 
sults are quite robust to these assumptions. We have gener- 
ate d model isochrones using t he more recent (but disputed - 
sec Pinsonncault ct al 1 119981) Hipparcos-measured distance 
modulus of 5.36 jRobichon et al.l2000l) : using a Pleiades age 
of 150 Myr - which is the LDB ag e that would be derived if 
the Hipparcos distance is adopted (Ijeffries fc Navlorl2001bl) : 
and simultaneously adopting both of the latter changes. We 
find that changing the age of the Pleiades by 30 Myr has no 
significant effect on our derived isochronal ages simply be- 
cause 120 Myr old stars are already almost on the ZAMS for 
stars at the relevant colours. Changing the distance of the 
Pleiades simply changes the distance we find for NGC 2547 
by a similar amount. Thus, if we accept the Hipparcos par- 
allax distance to the Pleiades, then the distance modulus of 
NGC 2547 is 7.75 — 7.90, the isochronal ages are unchanged, 
but the LDB ages reported in Table [5] would be older by a 
further ~ 5 Myr. 

Finally we have independently checked our results by 
adopting an empirical relationship between (V — I c ) and 
effecti ve t emperature found by fitting data from iBessell 
lll979l) and lLeeeett et al] Jl996fi . We find that the low-mass 
isochronal age for NGC 2547 would be reduced by about 
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Table 2. The LDB and isochronal age for NGC 2547 calculated using different models. 





Chabrier & Baraffe 


D'Antona & Mazzitelli Siess et al. Z = 0.02 


Siess et al. Z = 0.01 


Ic 

17.8 
18.3 


(R - ic) 

1.8 38.5 ±2.1 

1.9 46.4 ±3.0 


LDB age (Myr) 
37.1 ±2.1 39.1 ±2.0 
44.5 ±2.7 47.1 ±2.8 


39.0 ±2.3 

48.1 ± 3.1 




25 ± 5 


Isochronal age (Myr) 
25 ± 5 30 ± 5 


30 ±5 




Figure 7. M Ic /{R - I c )q and M V /(V - I)q diagra ms for NGC 2547 and IC 239 1 clus t er members. Filled circ les a re the NGC 2547 
memb ers. The IC 2391 members (open circles) are from lBarrado v Navascues et ail i200 ifhfSimon fc Patter] il99Sf) and lPatten fc Simonl 
( 1996), for a distance modulus of (m — M)o = 5.95 and E(B — V) = 0.06. The box in the diagra m is the select i on spa ce of the spectroscopic 
sample. We only have VI C photometry from the sample of brighter cluster members, from Ijeffries et alj 120031) . Also represented are 
LDB isochrones (see caption Fig.|SJ and empirically calibrated 20, 30, 40 and 50 Myr isochrones (full lines), based on the Chabrier & 
Baraffe (1997) models. 



5 Myr for all the models we have considered, but the dis- 
tances are unchanged. 



6 DISCUSSION 

The main finding of this paper is that while the LDB age 
of NGC 2547 lies between 35— 54 Myr and is formally con- 
sistent with the (rather uncertain) nuclear turn-off age of 
55 ±25 Myr, the age found from fitting low- mass isochrones, 
using the same evolutionary models is lower - in the range 
20—35 Myr. This discrepancy is even more significant than it 



might first appear because: (i) the evolutionary models that 
give the youngest LDB age also give the youngest isochronal 
age; (ii) the conservative distance modulus assumed to ob- 
tain the LDB ages is larger than the distances required to 
fit the isochrones and thus the LDB ages should probably 
be increased by a few Myr. 

The same appears to b e true for IC2391. 
iBarrado v Navascues et alJ {2001) find an LDB age of 
53 ± 5 Myr. Using the models and techniques presented in 
this paper (but Barrado y Navascues et al.'s estimate of 
the magnitude and colour of the LDB), we would estimate 
an LDB age of 48— 50 Myr, with a ±5 Myr uncertainty 
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due to the LDB placement and systematic errors in the 
photometric calibrations. The low-mass isochronal age is 
not quite so easy to determine as for NGC 2547, possibly 
because the available photometry is less precise, but we 
estimate 25—40 Myr using the same distance and range of 
evolutionary models. 

Could the discrepancy between isochronal and LDB 
ages, assuming a universal T e ff-colour relationship, mean 
that there are systematic problems in the current genera- 
tion of low-mass evolution models? Or, could the Toff-colour 
relationship change sufficiently with gravity between 30 and 
120 Myr to increase the isochronal ages of the low-mass 
stars? 

We think the latter possibility unlikely, simply be- 
cause the gravities of the stars which define the low-mass 
isochronal ages (stars with masses of approximately 0.3- 
1.5 Mg) do not change significa ntly between 30 and 120 
Myr. The atmospheric models of Bar affe et alj 1119981) sug- 
gest that any age dependence of the T e ff-colour relationship 
is indeed very small. However, the optical colours, particu- 
larly (V— J) and (R—I), in these models are still not capable 
of reproducing the observed colour-magnitude diagrams of 
young clusters, probably due to missing sources of opacity in 
the optical region. There is presently insufficient published 
near IR data in NGC 2547 to do a similar test in a spec- 
tral region where the model colours are likely to be more 
realistic. However, the available (I c — K 3 ) data forIC 2391 
yields an identical LDB age but spectroscopically confirmed 
members of IC 2391 also clearly lie above a 50 Myr isochrone 
(an d therefore at younger ages) in the K s /( I c — K s ) diagram 
(see iBarrado v Navascues fc StauffeJl2003t) . 

We are then left contemplating what physical ingredi- 
ents may need altering in the PMS models which might bring 
the LDB and isochronal ages into agreement. The different 
evolutionary models considered in this paper already cover a 
wide variety of treatments of convection, equations of state 
and atmospheric structure in low-mass stars. None of these 
seems capable on their own of closing the discrepancy we 
have identified; in particular, the LDB age is very robust to 
changes of detailed model physics. Perhaps then the answer 
is that something is missing from the models entirely. Two 
possibilities are rotation and dynamo-generated magnetic 
fields, both of which are expected to be present in young 
stars. 

Investigation of these factors on the LDB ages are still 
at a preliminary stage. Intuitively we would expect that 
rotation and magnetic fields provide additional pressure 
terms, decreasing the core temperature and delaying the 
onset of Li burning. This is borne out by preliminary cal- 
culations. Rapid rotation may increase the LDB ages by 
20-25 per cent at 120 Myr, b ut by only 1-3 Myr at 30 Myr 
( Burk efc Pinsonneauld 12000) . D'Antona (private commu- 
nication) finds that the lowering of the core temperature 
thanks to the extra support provided by a plausible mag- 
netic field also increases the LDB age. These effects would 
seem to be the opposite of what we require, but it is possible 
that these physical changes could simultaneously provide a 
bigger increase in the derived isochronal ages because the 
effe ctive temperatures are also altered. 

iPinsonneault et alJ <ll99ST) have shown that rapid rota- 
tors lie up to 0.1 mag above a V/(V — I c ) isochrone de- 
fined by the slower rotators in the Pleiades and a Per open 



clusters. If almost all the low-mass stars in NGC 2547 are 
fast rotators this might mean the low-mass isochronal ages 
were underestimated, but only by ~5 Myr. The magnetic 
field hypothesis may hold more promise. The effect in the 
Hertzsprung-Russell diagram is to move a star of a given 
mass and age to significantly cooler temperatures at roughly 
constant luminosity - making them appear much younger 
when interpreted with models featuring no magnetic field 
JP'Antona et al.ll200d) . 

If either rotation or magnetic fields can reconcile the 
LDB and isochronal ages, the implication is that the clus- 
ter age scale becomes even older than suggested from the 
present group of LDB ages, i.e. even more discrepant with 
nuclear turn off ages from models featuring no convective 
core overshoot. 

Further clues may arise from PMS associa tions where 
there are independent kinematic age indicators. ISong et alJ 
( 2002) have found that while the lower-mass component of 
a recently discovered PMS binary system (GJ 871. IB) ex- 
hibited Li, the higher mass component (GJ 871. 1A) did 
not. They deduced that if the lower mass component was 
at or beyond the LDB, the system would have an age 
> 20 Myr (we find 25 ± 3 Myr based on the procedures and 
range of models described in this paper). However, using 
assumed colour-effective temperature relations, bolometric 
corrections (derived for old disk M dwarfs) and a Hippar- 
cos parallax, they find the isochronal age of the system is 
10 Myr. Furthermore Song et al. claim that this binary 
may be a member of the /3 Pictoris moving group which 
has both a low-mass isochronal age and kinematic expan- 
sion age of ~ 12 Myr. If this were the case (and we note 
that expansion ages measure the time since an association 
became unbound and therefore are lower limits to the true 
age), then any scope for increasing the isochronal or LDB 
ages is severely limited and a way must be found to increase 
the rate at which Li is burned in very low mass stars. 



7 SUMMARY 

We have obtained intermediate resolution 2dF spectra of 
many candidate low-mass members of NGC 2547. We have 
refined our sample to select 94 objects with (R — I c ) and 
(J c — Z) colours and narrowband spectroscopic indices that 
are consistent with cluster membership. Our goal was use the 
Li 1 feature as an age indicator, by detecting the lithium de- 
pletion boundary of this cluster. We were not able to conclu- 
sively find the position of such a boundary in the I/(R — I c ) 
diagram, however the lack of a population of individual Li- 
rich objects towards the faint end of our sample places a 
very strong lower limit to the cluster age of 35 Myr. The de- 
tection of Li in the averaged spectra of our faintest objects, 
together with the expected low-levels of contamination by 
non-members, lead us to believe that the LDB actually lies 
at 17.8 ^ I c < 18.3 and hence an upper limit to the LDB 
age of 54 Myr. 

The age of NGC 2547 judged from isochrones in the 
V/(V — I c ) and Ic/(R — Ic) colour-magnitude diagrams is 
between 20 and 35 Myr using the same evolutionary mod- 
els from which the LDB ages were determined. The sense 
and size of this discrepancy between the LDB and low-mass 
isochronal ages is similar to that seen in another young 
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cluster, IC 2391 and in the low-mass PMS binary system 
GJ871.1AB. We suggest that inclusion of rotation or inter- 
nal magnetic fields in PMS evolutionary models may be able 
to reconcile the two age determinations, at the expense of 
increasing the ages to values even higher than the LDB ages 
presently indicate. Alternatively, some mechanism must be 
identified which can increase the rate of Li depletion among 
young, very low-mass fully convective PMS stars. 
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Table 3. Objects with no detected Li feature. Columns 1—10 as in Tablc0 Column 11 gives the estimated 
2— a upper limits. 
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Table 3 - continued Objects with no detected Li feature. Columns 1—10 as in TabldTl Column 11 gives 
the estimated 2—cr upper limits. 



J2000 Position I c -band (R-Ic) (I c -Z) Li 

ra dec mag error mag error mag error flag 2a (A) 
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